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ABSTRACT
The “Cubesat-investigating Atmospheric Density Response to Extreme driving” (CADRE) project is the next space
weather mission sponsored by the National Science Foundation (NSF). The Earth’s ionosphere and thermosphere
are driven in a variety of regions on multiple scales, and changes in the upper atmosphere can adversely affect our
society’s increasingly critical space-based infrastructure. For example, satellite drag knowledge is crucial in
predicting when possible collisions may occur between costly assets in low-Earth orbit. Successful forecasting of
these space weather events will not be feasible until there is an improved understanding of how this complex system
reacts to energy inputs. Through a coordinated science program whose main instrument is CADRE, a 3U Cubesat,
we will address this need through detailed study of thermospheric properties. CADRE will be equipped Wind Ion
Neutral Composition Suite (WINCS), which contains four electrostatic analyzers (two for ions and two for neutrals)
and two mass spectrometers (one for ions and one for neutrals). This combination of instruments will measure the
in-situ density, temperature and composition of the thermosphere. In addition, WINCS will measure the neutral
winds and ion flows. CADRE is a precursor mission for a constellation of Cubesats that will provide regional and
global assessment of thermospheric feature scales.

INTRODUCTION

of moving the satellite (fuel use), the cost of doing
nothing (satellite destroyed), and the probability of an
actual collision. A major hindrance to the space weather
operations community is that models accurate enough
to reduce the error on the probability that the objects
will collide do not yet exist [7,8]. Therefore, the
obvious result is that the satellites are moved more
often than needed, using critical fuel and shortening the
useful lifespan of the satellites.

The United States Air Force monitors over 13,000
objects in low-Earth orbit. In times of strong
geomagnetic activity, many thousands of these orbiting
objects can be temporarily “lost,” in that the objects are
not in their predicted location. These objects then must
be re-acquired using radars, which is a time-consuming
process.
When an object’s location is unknown, there exists the
possibility that it may collide with another orbiting
object. There are many extremely valuable assets in
low-Earth orbit, such as the International Space Station
and several very expensive telescopes. These assets can
alter their orbits to avoid collisions by expending a
portion of its fixed amount of fuel. While it is
important to ensure that these assets do not collide with
other orbiting objects, they should be moved only when
absolutely necessary, in order to conserve fuel. A costbenefit analysis may be performed, considering the cost
Cutler

With this collision avoidance problem in mind, we are
developing the Cubesat investigating Atmospheric
Density Response to Extreme driving (CADRE)
mission to provide improved physics models for
atmospheric modeling and drag predictions. The main
space weather goal of CADRE is to enable more
accurate specification and prediction of the state of the
thermosphere, in order to reduce the uncertainties in the
collision probabilities.
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At this time, the largest source of uncertainty in
specifying and predicting the state of the thermosphere
is our lack of understanding of the upper atmospheric
response to energy input near the poles [7]. While this
project will not directly solve the operational needs of
satellite operators, it will allow us to gain a better
understanding of the system, enabling better models of
the thermosphere and ionosphere to be produced, and
improve the quality of space weather predictions.

because it strongly controls the mass density of the
thermosphere at a constant altitude, which, in turn,
controls the drag on low-Earth orbiting satellites
[22,14]. Further, the neutral winds, at mid- and lowlatitudes, can push the ionosphere up and down
magnetic field lines, which strongly controls the plasma
density, affecting over-the-horizon communication
systems and GPS accuracy.
There are a few ways of measuring the coupling
between the ions and the neutrals. One of the most
successful satellites to explore the coupling was
Dynamics Explorer-2 (DE-2), which had many
instruments on board that could measure both the ion
and neutral states, such as the density, temperature and
winds. DE-2 was a near-polar orbiting satellite that
lasted from late 1981 through early 1983. Since then,
there have been no satellites that could explore the
coupling that occurs between the ions and neutrals in
the high-latitude region in a similarly complete way.

In this paper, we describe the science mission that
CADRE will perform, beginning with a background on
the science problem. We then describe our
methodology and payloads, and provide a brief
description of the satellite bus. Finally, we talk about
how CADRE is the precursor for a larger constellation,
and conclude with a status summary.
SCIENCE BACKGROUND
The thermosphere and ionosphere are two tightly
coupled, overlapping regions of the atmosphere. Below
the thermosphere, the atmosphere is relatively well
mixed and is dominated by neutral dynamics such as
tidal structures and gravity waves.
Within the
thermosphere, individual species start to separate from
each other, the ionosphere forms, and the dynamics
become dominated by the interaction with charged
particles. The forces on the ionized plasma are
significantly different than the neutral fluid below. For
example, the magnetospheric electric fields cause the
ions to move across magnetic field lines at high
latitudes, while these fields do not directly influence the
neutrals. The ions, which have a density roughly
1/1000th the neutral species, exert both a frictional drag
and a frictional heating on the neutrals. Therefore,
while the neutrals are not directly influenced by the
magnetospheric electric fields, they are indirectly
forced through the ion drag.

From the ground, the ion characteristics can be
measured using different techniques, such as incoherent
radar. The neutral winds can be measured utilizing
Fabry Perot Interferometers (FPIs), which are optical
instruments that take advantage of the dayglow or
nightglow, depending on the set up of the instrument.
Some problems with FPIs are: (1) since they are optical
remote sensing instruments, they are dependent upon
the cloud conditions; (2) most FPIs work only at night;
(3) they are strongly dependent on assumptions on the
emission height and width; (4) they do not give
information on the neutral density; and (5) they only
measure an extremely limited region of the
thermosphere, since they are fixed in location. Still,
they are one of the most powerful tools for measuring
the neutral winds.
SCIENCE GOALS AND METHODOLOGY

The high-latitude ion flows in the F-region ionosphere,
which are mostly described by the magnetospheric
electric field, are quite variable and are controlled by
the interplanetary magnetic field (IMF) and solar wind
conditions. Many forces, such as ion drag, viscosity,
Coriolis and gradient in pressure, on the other hand,
influence the neutral winds. The balance between these
forces is strongly dependent on location, the density of
the ionosphere, the temperature difference between the
nightside and dayside thermosphere and the strength of
the ion flow [31]. Further, because the neutrals have so
much more mass than the ions, the neutral winds tend
to be quite sluggish in their changes, while the ions
flows tend to change quite rapidly [31]. This can then
influence the frictional heating that occurs because of
the difference in flow velocities between the ions and
neutrals [35,11]. This heating is extremely important
Cutler

The CADRE mission will attempt to rectify this
situation by measuring both the neutral and ion state at
the satellite location, similar to the DE-2 satellite.
Specifically, CADRE will fly the Wind Ion Neutral
Composition Suite (WINCS), which will measure the
neutral and ion density, temperature, wind and
composition. CADRE will be a 3U Cubesat with
approximately 1U occupied by WINCS.
The aurora is an ever-present input of energy at high
latitudes, and is associated with currents that can cause
heating in the thermosphere. Often, the aurora and the
associated currents are so weak that the dominant
energy coming into the system is from the solar
irradiance. At times, though, the amount of energy
coming into the system at high latitudes in the form of
frictional heating between the ions and neutrals can be
2
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significantly higher than the amount of irradiative
energy [1,4,18,9,26]. This energy is typically
distributed over a very large area, but the majority of it
comes in the form of small-scale structure
[2,3,18,36,11]. For example, auroral arcs can be a few
kilometers wide, but the entire auroral oval has a
diameter of approximately 4,500 kilometers. In order to
understand the ionosphere-thermosphere coupling,
energy input and the response to the large energy
inputs, the system needs to be investigated at both
extremes in scale-sizes [28,30].

above will include an interhemispheric component to it,
where the northern and southern hemispheres are
considered separately. This will allow the examination
of any hemispheric, seasonal, or magnetic differences
in the scale- sizes and response of the thermosphere to
energy input.
CADRE CONCEPT OF OPERATION
To achieve the science goals that have been outlined
above, we are developing a 3U Cubesat that
incorporates the Wind Ion Neutral Composition Suite
(WINCS) on board, which has the ability to measure
the neutral and ion densities, temperatures, composition
and winds. WINCS will operate continuously
throughout the one year mission, providing
measurements every second at approximately 8km
resolution. The raw measurements will be stored and
compressed on board CADRE, which has enough
storage capability for over 100 days of operation.

To achieve a better understanding of how the
thermosphere reacts to large energy inputs, CADRE
will focus on three fundamental science questions:
1) What are the scale sizes of thermospheric
gradients in the auroral zone? It has often been
thought that the thermosphere has large scales and long
time constants [21,17]. While this may be true in some
regions of the thermosphere when there is little activity,
there is strong evidence that the thermosphere in the
auroral zone is quite dynamic with strong gradients that
can evolve rapidly [10,25,23]. The main science driver
of CADRE is to examine the spatial scales within the
auroral zone thermosphere as energy is deposited into
the system on a wide variety of scales.

Onboard power constraints and available ground
stations will limit CADRE download capabilities. We
anticipate
downloading
15-second
averages
(approximately 120km resolution) of science data. We
are negotiating access to global ground stations, which
will increase our contact times. Excess communication
times will be used to download 1 Hz data during time
periods of interest, which include segments through the
aurora and during storm times.

2) How does the thermospheric response to energy
input spread away from the location of that input?
In order to quantify how the thermosphere reacts to
energy input, the dissipation of the energy needs to be
examined. One of the primary dissipation mechanisms
within the thermosphere is the advection of the energy
to different locations [29]. Because of geometrical
considerations, as higher densities and temperatures are
advected to lower latitude, they reduce. As they
reconverge on the other side of the planet, they
intensify again, resulting in secondary peaks. While this
has been clearly shown in modeling [6], it is less
obvious in satellite measurements [29], illustrating that
we do not understand the propagation of energy away
from the high latitude regions. One of the primary goals
of CADRE is to quantify the scale-sizes of the density,
temperature and neutral winds as a function of distance
away from the auroral zone, activity level, and amount
of time after a heating event (e.g., time after a sudden
increase in the auroral electrojet index, hemispheric
power or cross polar cap potential).

CADRE data will be fused with data from incoherent
radar experiments, convection maps from SuperDARN
and AMIE, field-aligned current maps from AMPERE,
Fabry Perot Interferometer data and auroral
precipitation maps from ground and space-based
imagers (e.g., all-sky imagers and SSUSI, respectively)
to conduct detailed science investigations on the
thermospheric response to energy input.
For proper operation of WINCS, CADRE will be
launched into an orbit with an altitude less than 500 km.
For full auroral coverage, orbital inclinations higher
than 65º are desired. CADRE has not been manifested
on a launch. We will be working with the NASA
ELanA
Program
(Educational
Launch
of
Nanosatellites) and through the United States Space
Experiments Review Board (SERB).
CADRE IMPLEMENTATION

3) What are the interhemispheric asymmetries in
the response of the thermosphere to energy input?
Recent studies have examined how the magnetic pole
offset and the seasons affect the response of the
thermosphere and ionosphere to energy input [34,27,
12,24,16]. Each of the studies that we have described
Cutler

CADRE will have two payload systems. The primary
payload is WINCS, developed by NASA Goddard and
the Naval Research Laboratory (NRL). The secondary
payload will be a low-cost, dual frequency GPS
receiver. The CADRE bus will be three-axis stabilized
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Figure 1 -- (Left) Layout of the 4 spectrometers on WINCS: WINCS cube with dimensions 7.6×7.6×7.1cm3.
WTS and IDS are paired off in two spectrometer modules with mutually perpendicular fields of view as
shown by the two pairs of long slits on the right side. The two round apertures on the other module show the
entrances for IMS and NMS. (Right) Cross-section of the WTS/IDTS on WINCS. This module shows the
parallel ion and neutral paths through the instrument. The neutral path is highlighted in yellow. The multichamber WTS/IDS pair provides four separate chambers that provide excellent photon rejection capability.

with deployable
communications.

solar

panels

and

high-speed

chambers. The upper and exit plates are biased at
voltage VSDEA (typically less than 10 volts in flight)
while the entrance and lower plates are at ground
potential. The inhomogeneous field produced in the
upper left region of the cavity produces the focusing
shown in the incident ions, which makes the exit slit
smaller than the entrance slit and is a desirable feature
in reducing unwanted UV photons that may reach the
micro-channel-plate detector placed beyond the exit slit
(right wall in the left figure). Figure 1 (right) shows a
complete, multi-chambered SDEA for solar photon
light rejection, with an example trajectory.

WINCS Payload
To measure the thermospheric and ionospheric
composition, temperature and winds, we will utilize the
Wind Ion Neutral Composition Suite (WINCS).
WINCS was developed jointly by coordinating Primary
Investigators (PIs) at NASA/Goddard and NRL for
investigations with Cubesats in orbit between 120 and
550 km altitude. The four WINCS instruments are: the
Wind and Temperature Spectrometer (WTS), the Ion
Drift and temperature Spectrometer (IDS), the Neutral
Mass Spectrometer (NMS) and the Ion Mass
Spectrometer (IMS). WINCS has dimensions
7.6×7.6×7.1 cm3, and a mass of approximately 850g
(including interface electronics) with total power
consumption less than 2W. Figure 1 shows the WINCS
package with the individual instrument apertures noted.

As described above, the SDEA instrument has two
identical, but mirrored sensors. The top of the left
chamber in Figure 1 (left) can be used to deflect the
ambient ions and to ionize neutrals. This means that one
half of the SDEA can be utilized for ions (e.g., bottom
half) while the other half (e.g., top) can be utilized for
neutrals.

Small-Deflection Energy Analyzer: At the heart of the
WTS/IDS instruments is the small-deflection energy
analyzer (SDEA), shown in Figure 3 (top). Ions enter
the SDEA horizontally from the upper (lower) left and
deflect downward (upwards) as they continue to the
right toward the exit slit in the lower (upper) right. The
exit slit plane is a circular cylinder section with vertical
axis passing through the entrance slit - this defines the
angle imaging function of SDEA. Figure 3 (bottom)
considers only one of the two main deflection
Cutler

Measuring Winds and Ion-drifts: Neutral wind and
ion-drift measurements are obtained from the angular
and energy distributions of the particle flux as described
by Herrero et al. [20]. Two separate analyzers measure
the angular-energy distributions in two perpendicular
planes, their collinear axes pointing within a few
degrees of the ram direction (e.g., WTS1 and WTS2 in
Figure 1). Each analyzer spans a 30ºx2º field-of-view in
15 angular pixels, each 2ºx2º pixel scanning the energy
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Figure 2 illustrates the two perpendicular planes (i.e.,
the red stripes) for the angular distributions of the flux
(top) and the energy distribution from one of the pixels
near the peak of either angular scan (bottom). These
two figures are representative of the observations: two
angular profiles and the single energy profile that would
be telemetered to the ground as raw data to obtain the
neutral wind vector, the neutral temperature and the O
and N2 densities - equivalently so for the ions. The red
strip parallel to the θ axis illustrates the problem with
the satellite pointing too far away from the ram
direction - the peak location, just given this strip, is
quite difficult to accurately determine because the
signal (i.e., height of the peak) is so small compared to

Figure 3 -- (Top) SIMION trajectories through
the multi-chamber WTS/IDS pair in the DANDE
WATS instrument of the University of Colorado.
The top-left cavity corresponds to the ion source
cavity for the WTS half of the spectrometer.
(Bottom) An expanded view of the main
deflection chamber with various SIMION
trajectories.

distribution in 20 energy steps with the energy-analyzer
voltage. Figure 1 (right) shows the 30º field-of-view of
one of the instruments - particles entering from as far
away as 15º from ram can enter the instrument (i.e., a
cross-track speed of approximately 2km/s). Because the
slit half-height is 1º, it is desirable to have the satellite
pointed within 1º of ram, but the field-of-view is 15º, so
the satellite can technically be pointed within 15º of
ram to accomplish measurements.
The position of the maximum flux in each analyzer
specifies the horizontal and vertical angles in which the
particles enter the detector. By sweeping in energy, the
magnitude of the velocity can be determined. With the
two angles and the magnitude, the total velocity vector
is determined: VT⃗ = VS⃗ + WS⃗, where VS⃗ and WS⃗ are
the satellite velocity and the wind, respectively. The
steps to obtain the wind are: (1) locate and evaluate the
horizontal and vertical angles, (2) determine VT⃗, and
(3) use the satellite attitude knowledge to obtain the
pointing angle of the spectrometer and thereby solve
W⃗ = VT⃗ − VS⃗. Specifically, the two angles and V are
obtained from least squares fits of the TST measured
energy-angle distributions to the Maxwellian flux,
while VS⃗ is obtained from GPS data.

Cutler

Figure 2 – (Top) WTS samples the angular
distribution in two perpendicular planes shown
as red bands. (Bottom) Energy distribution from
one of the pixels near the peak of the angular
scan.
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the background. Closer to the ram direction (i.e., the
other strip), the peak location is easy to accurately
determine.

Since all species enter the mass spectrometers at
essentially the same velocity (the orbital velocity of
approximately 8 km/s), they must all be accelerated to
sufficiently high kinetic energies to enable mass
separation based on time-of-flight differences. Light
species like atomic hydrogen enter with kinetic energy
of approximately 0.3eV, while heavy species with mass
56, such as iron (Fe), enter with kinetic energy of
approximately 18eV. So, the incident flux will have an
energy spread ∆Einc of approximately 18eV. In GEMS,
the mass resolution ∆m/m is equal to the energy
resolution ∆E/E. Because of this, in order to achieve a
mass resolution of 1/50, all species must be accelerated
to a final energy Ef of 900 eV (i.e., 18eV × 50). The
same acceleration is required in both NMS and IMS for NMS, following ionization by electron impact in its
ion source. The accelerators in NMS and IMS are twoaperture ion optic lenses mounted an appropriate
distance above the respective entrance apertures of the
GEMS spectrometers.

Neutral and Ion Composition Measurements: The
Ion Mass Spectrometer/Neutral Mass Spectrometer
(IMS/NMS) uses two Gated Electrostatic Mass
Spectrometer
(GEMS)
time-of-flight
mass
spectrometers developed at Goddard [19]. GEMS
utilizes an SDEA, as described above and illustrated in
Figure 3, but it turns the potential on and off. When the
potential is turned off, particles streaming into the
detector at the entrance slit will continue in a straight
line along the length of the SDEA, never reaching the
exit slit. After the potential is turned on, the charged
particles will be deflected. For the particles that were
just about to hit the back wall, the deflection will be
minimal, but for the particles that were halfway across
the chamber, the deflection will be greater, since they
will have more time to accelerate. The acceleration is a
function of mass. Therefore, a very short time after the
potential is turned on, low mass particles will be
deflected enough such that they start to come through
the exit slit. Some time later, heavier particles will start
to come through. This will result in a temporal
distribution that looks like Figure 4, which enables
mass resolution of the particles [19]. A low-voltage
mode of operation was developed and demonstrated
recently to enable low-power operation in the Cubesat.

GPS Payload
The secondary payload on CADRE will be a dual
frequency GPS receiver. The receiver will measure
phase delays between two transmissions from the GPS
constellation, L1 (1575.42 MHz) and L2 (1227.6 MHz).
At transmission, L1 and L2 are in phase. The media
through which the signals pass introduces phase delays
between the two signals. Assessment of the delay will
be used to measure total electron content (TEC) of the
ionosphere and density measurements of the
troposphere.
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Two multi frequency receivers built by Novatel are
under evaluation for flight on CADRE: the OEMV-2
and the OEMV-1DF. Novatel receivers have flown on
past satellite missions. CANX-2 successfully flew the
OEM4-G2L. Output of the receiver was analyzed for
TEC and occultation measurements [33]. The OEMV1 flew onboard the RAX-1 satellite and successfully
operated [13]. A second OEMV-1 is scheduled to fly
on RAX-2.
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Using GPS simulators, we are testing the receivers for
simulated on-orbit performance and operation. Field
deployment of the units along side geodetic-grade
receivers will measure their phase output performance
and our ability to measure TEC. The OEMV-1DF is
form compatible with our heritage GPS systems and is
the preferred receiver if it performs well.
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Figure 4 -- An example plot of ion accumulation
versus time after the potential is turned on in
GEMS.

Bus Systems
The WINCS instrument requires an extremely capable
satellite bus to perform optimal scientific
measurements. The main drivers of the satellite design
are the attitude determination and control requirements

Cutler
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and the potentially large of amounts of science data to
download. Proper heat dissipation will be required for
the higher power systems. Careful attention to power
budgets and power generation is also required as we
push the capabilities of current nanosatellite
technologies.

underway to determine optimal designs. External
features also include UHF and S-Band antennas, dual
sun sensors, thermal radiators, and a star tracker (not
pictured). Note that the photovoltaic cell layout is only
representative and will change on flight models.
A representative internal layout of CADRE is shown in
Figure 6. WINCS requires nearly a full 1U of volume.
The attitude determination and control system requires
1-1.5U. The remaining bus systems will be configured
to fill remaining volume.
CADRE is volume
constrained and requires careful layout and
optimization of board design.
An active attitude determination and control system is
required to meet WINCS pointing and determination
requirements of 1º and 0.5º respectively. Attitude
control will be accomplished with a standard
configuration of three momentum wheels for control
and three axis magnetic torque rods or coils for
desaturation of wheels. The coil/rod selection will be
performed later based on power, mass, and volume
considerations of the final satellite configuration. We
are currently base lining momentum wheels from
Sinclair Interplanetary.

(a)

(b)

The determination system will be a combination of low
and high fidelity sensors combined with an onboard
attitude estimator. Dual axis sun sensors and a triaxial
magnetometer provide sufficient measurements for
determination during sunlit portions of the orbit.
However, low-drift gyros or additional sensors are
needed for the eclipse. Horizon sensors would provide
sufficient measurements but there are no readily
available commercial solutions.
Thus, we are
considering a Sinclair star tracker [15] if funding is
available. Attitude estimation will be calculated on
board with an extended Kalman filter derived from
RAX-1 heritage.

Figure 5 – The current CADRE external
configurations are shown above. WINCS is on the
+Z face facing the ram direction and velocity vector.
Deployable panels provide additional power. The
angle of deployment is a design parameter and not
yet selected.
The goal is to optimize power
generation and possibly enable passive aerodynamic
stabilization.

The communication system will consist of a low speed
UHF transceiver for command and control and a second
higher speed radio for downlink over S-Band
frequencies. The payloads are capable of generating
over 280 MB of raw data per data. With data
compression and several ground stations, a radio with
speeds of 1-2 Mbps will be needed for payload data
download.

The current external CADRE configurations under
consideration are shown in Figure 5. CADRE will fly
with the +Z axis pointed parallel with the velocity
vector so that WINCS will have direct impact with the
oncoming environment. Two different configurations
of deployable panels are shown. Power generation is a
function of the angle. Simulations and modeling are

Evaluations are underway for the S-band downlink
radio. High-speed radios have been a challenge for
nanosatellites because low-cost options are not readily
available, they require higher power, and often
capability limitations on the satellite must be
compensated for with large ground antennas.

Cutler
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Figure 6 -- Internal layout CADRE is pictured. Given the complexity of internal components, a custom
board stacking and wiring harness will be developed.
Negotiations are also underway for access to larger SBand dishes.

A variety of flight computers will operate CADRE.
The primary flight computer will be a derivate of the
RAX-1 and MCubed Linux-based processors. It will
provide high-speed data processing and generalpurpose house keeping operations. It will execute
stored commands and process ground commands. A
secondary embedded processor will act as a watchdog
system monitoring bus activity and primary computer
operation. It will be tightly integrated with the Lithium
UHF radio, which also has watchdog capabilities. The
secondary processor and Lithium can process direct
ground commands for reset and power cycling of the
satellite. The watchdog is periodically power cycled to
clear transient faults by a high reliability counter
circuit.

For the command and control transceiver, we will use
the Lithium transceiver from AstroDev. It has flight
heritage on the RAX-1 satellite and multiple additional
flights of it are manifested. It will communicate at
speeds less than 50kbps.
The electrical power systems will be derived from
heritage systems flown on the RAX-1 [13] and MCubed
[5] nanosatellites, see Figure 7. For solar input and bus
power regulation, the MCubed system will be upgraded
with higher power modules from RAX-1. The system
will peak power track individual panels. Panasonic
18650 Lithium Ion cells will be used for energy storage.
Capacity will determined based on available mass.
Emcore BTJM solar cells will provide solar power.

Thermal management will be an integral design
challenge for CADRE due to continuous payload
operation and attitude control. These devices consume
50-75% of the on-orbit power generation. Since
traditional body mounted solar panels present
challenges for radiation of excess heat, deployable
panels will be used to allow for radiators on nadir
pointing faces of the satellites. Heat will be piped to
these surfaces to maintain proper thermal environments.
ARMADA CONSTELLATION
While it is expected that the CADRE mission will make
significant progress in addressing the science issues
described above, the only way that it can truly address
these questions is through statistical analysis of many
different events. This is because every low-Earth orbit
(LEO) satellite has an orbital period around 90 minutes,
which is much larger than the time-scales in which the
dynamics of the ionosphere and thermosphere take

Figure 7 -- A prototype power regulation system
that will evolve into the CADRE system.

Cutler
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13 days, they are roughly half way spread out across the
globe.

13
d

The optimum number of planes is much more difficult
to balance, since adding an additional plane comes at
significant cost, due to the orbital mechanics to make
the orbital planes such that they will separate at a useful
rate. The precession of an orbital plane is determined
primarily by J2 perturbations, which are dependent
upon the inclination and altitude of the orbit. At LEO
altitudes, the influence of different inclinations is much
stronger than the influence of different altitudes. Figure
9 shows the time that it takes to precess 180 degrees for
a wide variety of inclinations. At higher inclination
angles, the gradient in precession rates becomes very
large. This means that if two planes are deployed at
slightly different (by high) inclinations, then they will
precess at different rates, allowing them to separate
relatively quickly. Thus, higher the inclination and the
greater the difference in inclination between the planes,
the faster the separation will be. The more planes that
are deployed, the more local times can be examined
simultaneously. In many ways, the budget of the
mission and the size of the launch vehicle will
determine the number of planes that can be deployed.
Figure 10 shows an example of five orbital planes that
are deployed at high latitudes with a small amount of
separation in their inclinations. After 180 days, the
planes are roughly spread out over 30 degrees of
longitude.

L+

8d
L+

L+

3d

place. Further, the thermospheric reaction to energy
input is strongly dependent upon the background
conditions, which vary dramatically with local time.

Figure 8 -- A single plane of satellites showing
separation of the satellites after 13 days.

Time to Precess 180 deg (days)

In order to truly understand the dynamical coupling
between the ionosphere and the thermosphere, more
simultaneous data is needed. There are two relatively
straightforward ways of doing this: (1) a remote sensing
satellite that could measure emissions from a large
portion of the globe, and (2) a constellation of satellites
that measure the in situ properties of the system. Each
of these types of missions has strengths and
weaknesses. For example, a remote sensing mission
may be able to continuously observe the dayside
atmosphere, while a constellation mission may be able
to measure both the dayside and nightside atmosphere
simultaneously, but has to fuse together data from
multiple sources to do so. The Armada constellation
mission concept is to utilize a large number of CADRE
spacecraft in different orbital planes to simultaneously
measure the thermospheric and ionospheric density,
temperature, winds and composition across the globe.
In a single plane, the return time to a given latitude is
governed by the orbital period of the satellites and the
number of satellites in that plane, given that they each
have slightly different orbital characteristics. For
example, at 500 km altitude, the orbital period is
roughly 96 minutes. With eight satellites in that plane,
the average return time to a given position will be 12
minutes. During some time periods, two satellites may
visit the same position much faster than that or much
slower than that, but the average will be 12 minutes.
With each having a slightly different period, the
spacing between the satellites will continuously change,
allowing the study of both small-scales and large-scales
to be examined. Considering that the average time for
the high-latitude ionospheric potential pattern to change
states is roughly 12 minutes, eight satellites in a single
orbital plane allows a thorough investigation of the ionneutral coupling within that plane. Figure 8 shows an
example of a single plane with eight satellites for a few
days after the satellites are deployed from the single
launch vehicle with slightly different velocities. After
Cutler
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Figure 9 -- Orbit precession time is plotted as a
function of inclination. Higher inclination orbits
precess at greater rates due to perturbations caused
by the Earth’s oblateness.

The first, proof of concept satellite for ARMADA will
be the CADRE satellite. CADRE will flight
demonstrate all key ARMADA technologies and
9
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Figure 10 -- The precession of five orbit planes is shown. A slight altitude variation in each of the orbits
produces the variable precession rates.
perform initial science measurements. Once CADRE
has flown successfully, funding will be sought to fulfill
the Armada mission concept.

your help in GPS selection and testing. The UMich
W11 483 senior design team did extensive work on the
CADRE bus and base line design. Thanks to Allison
Craddock for help in editing.
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